Abstract Purpose:The present study was designed to evaluate whether daily insulin treatment for weightlosing cancer patients attenuates the progression of cancer cachexia and improves metabolism and physical functioning in palliative care. Experimental Design: One hundred and thirty-eight unselected patients with mainly advanced gastrointestinal malignancy were randomized to receive insulin (0.11 F 0.05 units/kg/d) plus best available palliative support [anti-inflammatory treatment (indomethacin), prevention of anemia (recombinant erythropoietin), and specialized nutritional care (oral supplements + home parenteral nutrition)] according to individual needs. Control patients received the best available palliative support according to the same principles. Health-related quality of life, food intake, resting energy expenditure, body composition, exercise capacity, metabolic efficiency during exercise, and spontaneous daily physical activity as well as blood tests were evaluated during follow-up (30-824 days) according to intention to treat. Results: Patient characteristics at randomizations were almost identical in study and control groups. Insulin treatment for 193 F 139 days (mean F SD) significantly stimulated carbohydrate intake, decreased serum-free fatty acids, increased whole body fat, particularly in trunk and leg compartments, whereas fat-free lean tissue mass was unaffected. Insulin treatment improved metabolic efficiency during exercise, but did not increase maximum exercise capacity and spontaneous physical activity. Tumor markers in blood (CEA, CA-125, CA 19-9) did not indicate the stimulation of tumor growth by insulin; a conclusion also supported by improved survival of insulin-treated patients (P < 0.03).
Alterations in the classic hormone system are major effector mechanisms behind changes in whole body metabolism and nutritional state during tumor progression (1) . Most hormones are involved, but insulin resistance appeared early as a presumable abnormality contributing to weight loss (2) , although changes in the noradrenergic system (3), growth hormone/ insulin-like growth factor I (IGF-I) axis (4, 5) , thyroid hormones, and glucocorticoids contribute, but additional hormones such as leptin, ghrelin, and other neuroendocrine factors are also important (6 -9) . Most hormonal changes are interrelated to other metabolic pathways as increased activities of eicosanoids, growth factors, and cytokines (10 -12) . Accordingly, our previous studies have confirmed clinical improvements by systemic anti-inflammatory treatment (13, 14) , prevention of anemia (15) , and nutritional support to patients with cancer (4) . However, reevaluation of alterations in body composition in our cancer patients on multimodal treatment unexpectedly revealed that whole body fat, which predicts survival, was lost despite effective supportive care indicated by stable lean body mass during tumor treatment (8) . Based on these and other observations, it seemed appropriate to consider antilipolytic treatment to attenuate cachexia progression. Consequently, a simple concept would be to treat weight-losing cancer patients with insulin as suggested half a century ago (16) . Therefore, the present study was designed to evaluate whether daily treatment with long-acting insulin for weight-losing cancer patients would attenuate the progression of cancer cachexia and improve host metabolism without harmful side effects in unselected cancer patients.
Materials and Methods

Study population
One hundred and thirty-eight patients with advanced gastrointestinal malignancies were randomized at the Department of Surgery, Sahlgrenska University Hospital, Gö teborg, Sweden between 2000 and 2005 to receive daily insulin treatment plus best available palliative support (study group) versus best available palliative support (control group; Table 1 ). Inclusion criteria consisted of manifest weight loss due to generalized malignant disease and solid tumor type. Exclusion criteria were tablet-or insulin-dependent diabetes, brain metastases, expected survival of <6 months, impaired kidney function (serum creatinine >200 Amol/L), increased body temperature to 37.8jC, and persistent cholestasis (serum bilirubin >21 Amol/L). Study and control patients experienced a comparable extent of generalized disease, i.e., frequency of liver and lung metastases.
Intervention
Insulin treatment. Insulin treatment started when unstable weight reappeared corresponding to 2% to 3% of referral weight in combination with serum albumin <36 g/L. This level was chosen because it coincides with a sharp increase in reverse serum T 3 (rT 3 ), indicating an overall shortage of energy availability (7) . Insulin was provided as s.c. injections of long-acting insulin (Insulatard, Flexpen, Novonordisk AB, Copenhagen, Denmark) once daily at increasing doses aimed to approach 10 to 16 units/d. Insulin started at 4 units/d with a stepwise increase of 2 units for 5 to 7 days until the intended dose levels were reached based on pure clinical grounds and our treatment experience accounting for disease state, weight loss, and patients' subjective feeling. Blood glucose was not monitored, but patients were recommended to decrease insulin by 2 units or interrupt medication if any strange sensation appeared not manageable by juice, milk, or food intake. It was recommended that the insulin dose be provided with breakfast or lunch intake. Patients who mainly relied on parenteral nutrition received s.c. insulin at the start of daily infusions. Two patients experienced insulin coma: one self-administering nurse who was particularly trained with insulin injections and may have deliberately provided an inappropriately high dose. She displayed cognitive sequelae for a comparatively long time period afterwards. Another female took insulin at 6 a.m. in the morning against our prescriptions and went back to sleep without eating breakfast. She experienced no sequelae afterwards. Otherwise, no complications to insulin were seen. Hypoglycemic-like sensations were very infrequent. Altogether, 54 study patients received insulin treatment, whereas only one control patient was provided insulin due to increasing blood glucose.
Best available support
Indomethacin, erythropoietin treatment, and nutrition care. All patients received our best standard treatment, which included oral indomethacin when deemed appropriate (13), recombinant erythropoietin when necessary (15) , and specialized nutrition care according to defined criteria (4, 17) . Indomethacin (25-50 mg twice daily) was provided to patients with elevated erythrocyte sedimentation rate (>35 mm h
À1
) and abnormal C-reactive protein (z10 Ag/mL). All patients who received indomethacin were prophylactically treated with Omeprazol to protect against gastric ulcer and micro-bleeding. Indomethacin was provided on average at 85 F 3 mg/d in study patients and 78 F 2 mg/d in controls during 24% and 29% of the entire follow-up period. Altogether, 89 patients received indomethacin without any difference between study and control patients.
S.c. injection of recombinant erythropoietin (Eprex; Janssen-Cilag, Stockholm, Sweden; dose range, 12,000-40,000 IU/wk) was continuously given twice weekly when blood hemoglobin concentration decreased below subnormal limits (128 g/L for men and 120 g/L for women) until hemoglobin levels were normalized (15) . Thus, patients without insidious anemia did not receive erythropoietin. Erythropoietin was provided on average at 20,137 F 1,372 units/wk to study patients and 22,000 F 2,216 units/wk to the controls during 6% and 4% of the entire follow-up period, respectively. Altogether, 41 patients received erythropoietin without any difference between study and control patients.
All patients had food intake assessed by a dietitian at inclusion, and repeatedly, according to 4-day records (18) . The estimated energy balance was derived as intake minus resting energy expenditure because most patients had a low level of daily physical activity. Nutrition care consisted of supplemental oral nutrition when food intake decreased to <90% of the expected intake (19) . Oral nutritional support consisted of nutritional counseling and provision of oral supplements (450-600 kcal/d) according to individual taste preferences (Semper, Nutricia; Fresenius Kabi, Bad Homburg, Germany). Home parenteral nutrition was provided when oral intake decreased further to f70% to 80% of the expected levels (4). Parenteral nutrition was administered via a peripherally inserted central catheter (Piccline) placed through the cephalic vein and provided as an ''all in one'' (Kabimix Basal, Kabiven; Fresenius Kabi), including additives (vitamins, minerals, trace elements; Fresenius Kabi) according to general daily recommendations (provided at night 20-25 kcal/kg/d; 0.10-0.15 g nitrogen/kg/d; infused over 12-18 h). Study patients received, on average, 1,008 F 58 kcal/d and controls 1,221 F 93 kcal/d on home parenteral nutrition during 5% and 4% of the entire follow-up period. Enteral tube feeding was not provided (17) . Altogether, 64 patients received home parenteral nutrition without any difference between study and control patients.
Treatments continued until death or until the patient was unable or unwilling to participate. All study and control patients had generalized disease without available specific treatment, although 11 patients received palliative chemotherapy with reduced doses (50-70% of standard; gemcitabine as first line, fluorouracil/leucovorin; Oxaliplatin as second line) without differences between study and control patients. Analgesics (paracetamol, morphine) were provided according to individual needs. The current study was approved by the Ethics Committee of the Medical Faculty at Gö teborg University.
Measurements at inclusion and follow-up
Measurements were done for use in randomization using a computerized algorithm (20) , accounting for tumor type, tumor stage, previous tumor treatment (surgery, chemotherapy, or radiotherapy), age, gender, height, nutritional status (body weight, weight loss, serum albumin concentration, arm muscle circumference, triceps skinfold), liver function tests (aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase levels); serum creatinine levels, blood hemoglobin concentration and erythrocyte sedimentation rate; and previous use of analgesics, h-blockers, and nonsteroidal anti-inflammatory drugs. These measurements were part of patient follow-up measurements at f2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 , and 24 months after inclusion. Physiologic variables at rest included heart rate, systolic and diastolic blood pressure, body temperature, respiratory rate, and energy expenditure. Analgesics were assessed before and during follow-up.
Nutritional assessment. Body composition was measured by dualenergy X-ray absorptiometry (17). Blood tests. Blood chemistry analyses included hemoglobin, glucose, insulin, C-peptide, triglycerides, free fatty acids, WBC and thrombocyte counts, erythrocyte sedimentation rate, C-reactive protein; albumin, electrolyte, and creatinine levels; liver function tests, and tumor markers (CEA, CA 19-9, CA-125).
Indirect calorimetry. Resting energy expenditure was measured by indirect calorimetry (Deltratrac; Datex, Helsinki, Finland) in the morning after an overnight fast (18, 21) .
Maximum exercise test. Maximum physical capacity (in watts) was the point at which the patient experienced subjective exhaustion and stopped (15) . Oxygen uptake and carbon dioxide production were measured during exercise (ref. 15 ; Medical Graphics Corp., St. Paul, MN).
Quality of life. Health-related quality of life was assessed by one global (SF-36) and one cancer-specific instrument (EORTC QL40; ref.
22).
Daily physical activity. Spontaneous daily activity was measured by the ActiGraph system (MTI Health Services, Fort Walton Beach, FL; ref. 23) . Activity counts represent a quantitative measure of physical activity over time.
Analysis and sample size
The study was designed to test whether insulin treatment, in addition to the best available supportive care, would improve the metabolic effects of insulin [body composition, food intake; maximum exercise capacity including metabolic efficiency (watts, watts/oxygen uptake)] with an a of 0.05 and b of 0.80. Estimates on primary variables indicated that 120 to 130 randomized patients would allow the detection of 15% to 20% improvements in any of the primary variables. Survival was only deemed a secondary study variable and power estimates on survival were therefore not done in the study design. Statistical evaluations were done by nonparametric analysis between and within groups over time by the log-rank technique according to ''intention to treat.'' Statistical computations included all observations on all patients at inclusion and during the entire follow-up. In presentations, data are grouped corresponding to ''at inclusion'', ''at 4, 8, and beyond 12 months follow-up.'' Post hoc testing was not done because the hypothesis being examined covered the entire treatment period for each individual. Survival curves were calculated by KaplanMeier analysis and statistical testing was done according to Mantel-Cox log-rank analysis. Survival time was calculated from the day of study inclusion until death confirmed as signed registration in the National Swedish Cancer Register.
Results
One hundred thirty-eight patients were randomized to receive study (n = 69) or control (n = 69) treatment. Patient characteristics at inclusion were almost identical ( Table 2 ). The number of patients receiving insulin, indomethacin, erythropoietin, palliative chemotherapy, h-blocker, and home parenteral nutrition are indicated in Table 3 Food intake. Insulin treatment did not stimulate overall daily caloric intake during the entire follow-up, although insulin caused numerically higher intake between 4 and 12 months (Table 4) . However, carbohydrate intake was significantly increased by insulin, whereas fat and protein intake did not increase.
Body composition. Body weight did not differ among study and control patients during follow-up, whereas body fat, in trunk and leg compartments, was significantly higher during follow-up in study patients (P < 0.03). Lean tissue mass did not differ among study and control patients during follow-up ( Table 4) .
Clinical and biochemical characteristics. Blood hemoglobin, serum albumin, and erythrocyte sedimentation rate did not differ between study and control patients during follow-up, also true for resting energy expenditure as well as whole body carbohydrate and fat oxidation. However, carbohydrate oxidation increased over time in insulin-treated patients (Table 5) .
Circulatory measures (pulse rate, blood pressure) did not differ between the groups over time. Insulin improved metabolic efficiency during exercise (P < 0.04; Fig. 1 ), whereas maximum exercise capacity and pulse rate 1 min after maximum work load did not differ. Serum-free fatty acids was significantly lowered by insulin during follow-up, whereas triglycerides, IGF-I, C-peptide, and glucose did not differ among study and control patients during follow-up ( Table 5) . As expected, serum insulin was significantly higher in study patients compared with controls (P < 0.003). Serum insulin and C-peptide showed a trend to increase over time in study patients (P < 0.06-0.09).
Tumor markers. Alterations in tumor markers did not show consistent changes during follow-up. CEA increased during Table 4 . Daily food intake and composition in study (insulin) and control patients at randomization and follow-up analyzed as intention to treat in relationship to alteration in body composition follow-up in the insulin group, whereas CA-125 was unchanged and CA 19-9 decreased over time in study patients compared with controls (Table 6) .
Health-related quality of life. The general (SF-36) and cancer-specific instruments (EORTC Q40) did not indicate improved conditions in quality of life in study patients during follow-up compared with controls.
Survival and daily physical activity. Survival was significantly improved in insulin-treated patients (P < 0.03; Fig. 2A and B) compared with controls [study patients, 224 F 163 days; controls, 175 F 148 days (mean F SD); 181 versus 128 days (median)]. This improvement was not related to increased daily spontaneous activity (Fig. 3) .
Discussion
Palliative care for patients with cancer is based on various modalities appearing from basic knowledge in cachexia research and pain treatment. Conceptually, it is easiest to evaluate the importance of new treatments in homogenous groups of patients within short time periods. However, patients' request do not allow simple models. Efforts to improve healthrelated quality of life, physical functioning, decreased fatigue, vomiting, and pain represent all necessary alternatives to offer cancer patients. We have earlier reported that systemic antiinflammatory treatment by nonsteroidal anti-inflammatory drugs (indomethacin), prevention of anemia by provision of recombinant erythropoietin, and supportive nutrition represent significant treatments of weight-losing cancer patients (8, 13 -15) . Therefore, it is necessary to include such treatments as best available care on an individual patient basis. Presently, we have evaluated the effect of insulin treatment on top of the best available support. Our test model includes both advantages and disadvantages. The advantage is a realistic treatment situation, whereas it may be that various combinations of interventions interact differently among patients; a fact difficult to compensate for in statistical computations on cohorts with a limited number of patients. However, it is our experience that this kind of complex modeling provides valuable clinical information and represents the only realistic alternative in the scientific development of palliative care (4) .
Early studies on cachectic cancer patients showed glucose intolerance in combination with altered whole body carbohydrate metabolism (24 -28) , in which animal work implied that insulin would beneficially overcome some of these problems (29 -31) . Observations indicated that glucose intolerance might appear early in cancer, even before weight loss and anorexia (32) . Glucose intolerance was also observed independently of the presence of tumor tissue (33) , indicating hormonal and enzymatic adaptations in host liver, fat (34) , and muscles (35) . Defective insulin production and increased insulin clearance during feeding may also contribute to glucose intolerance in cancer. However, graded doses of insulin infusions to cancer patients confirmed insulin resistance in glucose homeostasis of peripheral tissues (36) , whereas insulin effects on amino acid flux did not indicate resistance (35, 37) , which agrees with the findings of insignificant effects on muscle mass by insulin in the present study, although IGF-I had clearcut effects to protect muscle wasting in experimental tumor bearers (38) .
Several of our previous studies on patients with cancer suggested metabolic abnormalities related to insulin (39) , both in feeding (26, 40) and fasted states (24) . It has been repeatedly emphasized that loss of lean tissue in cancer disease is most Fig. 2 . A, survival analysis in study (insulin) and control patients analyzed as intention to treat. B, survival analysis in study (insulin) and control patients analyzed per protocol: controlpatients (green), study patients who did not receive insulin (blue).
important in the progression of cachexia hampering well-being and physical functioning. However, recent analyses on longitudinal measurement of body compositions implied that loss of body fat remained or even progressed despite appropriate caloric intake and stable lean tissue mass (8) . Based on this information, it is obvious that additional factors are necessary for the improvement of integrative anabolism in feeding patients with cancer (26) . Therefore, it was logical to assume that insulin might have a role in improving anabolism or at least attenuating catabolism during disease progression. Study and control patients were extremely well balanced regarding clinical characteristics at inclusion. Insulin treatment stimulated carbohydrate intake, although the increase of overall caloric intake did not reach statistical significance. Serum insulin increased over time in study patients, whereas it decreased in control patients. A similar pattern was observed on circulating C-peptide, supporting that exogenous insulin did not counteract endogenous production. Higher serum insulin did not change IGF-I levels, which may explain the dissociated effects by insulin on whole body fat and lean tissue, although it has never been shown that insulin in itself is a major factor to control long-term muscle protein balance in man (37, 41, 42) . As expected, serum-free fatty acids decreased significantly following insulin treatment, which was probably translated into significantly improved whole body fat in study patients, particularly in trunk and leg compartments dependent on both increased lipogenesis and decreased lipolysis (24, 26, 40) . Observations that lean tissues (protein metabolism) were less affected compared with whole body fat is in line with our previous findings in acute experiments with insulin to normal individuals (41) . Interestingly, the overall effects of insulin were translated into increased metabolic efficiency, derived as oxygen consumed per watt produced at maximum work load. This may imply facilitated physical functioning, perhaps due to improved glycogen content and glucose transporting in muscles (43) . However, this positive effect was not translated into elevated maximum exercise capacity or increased spontaneous physical activity, which may be more dependent on overall cardiovascular and mental functioning than integrative metabolism. Also, self-reported evaluation of health-related quality of life indicated that positive objective metabolic effects by insulin may not be translated into improved self-scored physical functioning, which agree with previous observations in noncancer patients (44) .
Previous epidemiologic and cellular work has suggested that insulin and IGF-I may be risk factors in cancer (45, 46) . There are several explanations for this phenomenon, particularly in cell culture experiments (47) . However, complex in vivo conditions are usually the net result of both positive and negative factors. Although there is no doubt that both insulin and IGF-I may stimulate tumor growth, such effects may be overcome by counteracting or improved metabolic status by insulin, a concept which has support in experimental models (30, 31, 38) , in which recent conclusions on the Warburg effect and anaerobic glycolysis in malignant tumors seem to be increasingly interesting in light of the present results with improved survival of insulin-treated patients (48) . There are also other clinical conditions in which insulin decreased mortality, in part, unrelated to effects on glucose homeostasis (49) . The effects of insulin in improving postoperative outcome and function in non -cancer patients are also wellrecognized (50) . Fat tissue, which is probably a major target during insulin supplementation to cachectic cancer patients, is well recognized to produce a variety of signals and metabolic factors in response to hormones (51) , although the present effects of insulin on net metabolism and functional outcome in long-term treatment of patients with cancer remains unclear. Importantly, there was no indication of any harm by insulin to our patients confirmed indirectly by measurements of tumor markers, which did not indicate any systematic disease progression. This conclusion was also strengthened by significantly prolonged survival of insulintreated patients.
In conclusion, the present study shows that daily insulin treatment in catabolic cancer patients had significant effects towards improved micronutrient intake and intermediary fat metabolism, which caused increased net retention of body fat associated with improved metabolic efficiency during a close to maximum work load, without indications that insulin stimulated disease progression. The present observations show that insulin treatment is a powerful complement in multimodal palliative care of weight-losing cancer patients as suggested half a century ago (16) . 
